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ABSTRACT
ADSORPTION AND DISSOCIATION OF HYDROGEN
MOLECULE ON CARBON NANOTUBES
Yavuz O¨ztu¨rk
M.S. in Physics
Supervisor: Prof. Dr. Salim C¸ıracı
January, 2004
Earlier, it has been suggested that carbon nanotubes can provide high storage
capacity and other physical properties suitable for the fuel cell technologies. In
this thesis we have investigated adsorption, desorption and dissociation of hy-
drogen molecule on the surface of the zigzag (8,0) single-wall carbon nanotube
(SWNT) by carrying out extensive first-principles pseudopotential plane wave
calculations within the Density Functional Theory (DFT). We found that while
H2 molecule cannot be bound to the surface of bare SWNT, an elastic radial
deformation leading to the elliptical deformation of the circular cross-section ren-
ders the physisorption of the molecule possible. Coadsorption of Li atom on the
SWNT makes the similar effect, and hence enhances the physisorption. That an
adsorbed H2 can be desorbed upon releasing the elastic radial strain is extremely
convenient for the storage. In addition to that, we found that a Pt atom coad-
sorbed on the SWNT can form a strong chemisorption bond with a H2 molecule.
If a single H2 molecule engages in interactions with more than one coadsorbed
Pt atom at its close proximity it dissociates into single H atoms, which, in turn,
make Pt-H bonds. The interaction between H2 and coadsorbed Pd atom is similar
to Pt, but it is weaker. We believe that these findings clarify earlier controversial
results related to the storage of H2 in carbon nanotubes, and makes important
contributions to fuel cell technology.
Keywords: ab initio, first principles, carbon nanotube, density functional theory,
adsorption, binding, hydrogen storage, fuel cell.
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O¨ZET
KARBON NANOTU¨PLER U¨ZERI˙NDE HI˙DROJEN
MOLEKU¨LU¨NU¨N SOG˘RULMASI VE AYRIS¸MASI
Yavuz O¨ztu¨rk
Fizik , Yu¨ksek Lisans
Tez Yo¨neticsi: Prof. Dr. Salim C¸ıracı
Ocak, 2004
Daha o¨nce, karbon nanotu¨plerin yakıt hu¨cresi teknolojileri ic¸in yu¨ksek hidrojen
depolama kapasitesi ve dig˘er gerekli fiziksel o¨zellikleri sunabileceg˘i o¨nerilmis¸ti.
Bu tezde DFT ic¸erisinde kapsamlı temel-ilke pseudopotansiyel du¨zlem dalga
hesapları yu¨ru¨tu¨lerek; (8,0) zigzag tek-c¸eperli karbon nanotu¨pte (SWNT) hidro-
jen moleku¨lu¨ sog˘rulması, ayrılması ve ayrıs¸ması incelenmis¸tir. Bulgularımız
go¨stermis¸tir ki, yalın SWNT u¨zerine H2 moleku¨lu¨ bag˘lanamazken, dairesel ke-
sitte eliptik deformasyona sebep olan esnek radyal bir deformasyon bu moleku¨lu¨n
fiziksel sog˘rulmasını mu¨mku¨n kılmaktadır. Li atomunun o¨nsog˘rulması da ben-
zeri bir etkiyle fiziksel sog˘rulmayı arttırmaktadır. Sog˘rulmus¸ bir H2’nin es-
nek radyal baskının kaldırılmasıyla geri kazanılabilmesi depolama ac¸ısından son
derece o¨nemlidir. Ayrıca SWNT u¨zerine o¨nsog˘rulmus¸ Pt atomunun H2 moleku¨lu¨
ile gu¨c¸lu¨ kimyasal bag˘lar yaptıg˘ını bulduk. Tek bir H2 moleku¨lu¨ birden fazla
o¨nsog˘rulmus¸ Pt atomunun etki alanına girerse Pt-H bag˘ları olus¸turan iki H ato-
muna ayrıs¸maktadır. H2 ile o¨nsog˘rulmus¸ Pd atomu arasında da, o¨ncekine nazaran
daha zayıf olmakla beraber, benzer bir etkiles¸im go¨ru¨lmu¨s¸tu¨r. Biz bu bulguların
karbon nanotu¨plerde hidrojen depolanmasıyla ilgili c¸elis¸en sonuc¸lara ac¸ıklık ge-
tireceg˘i ve yakıt hu¨cresi teknolojisine o¨nemli katkılarda bulunacag˘ı kanısındayız.
Anahtar so¨zcu¨kler : ab initio, temel prensipler, karbon nanotu¨p, durum
fonksiyonu teorisi, sog˘urulma, bag˘lanma, hidrojen depolarizesı, yakıt hu¨cresi.
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Chapter 1
Introduction
1.1 Motivation
Energy is among the major issues of today’s society, because of not only its pro-
duction and usage, but also its storage and transportation. Today the major
source of our energy is fossil fuels; ever increasing use of which is affecting the
environment and economy in substantial ways. In order to avoid this growing de-
pendence on depleting petroleum sources, alternative clean fuel resources must be
resorted. Although there are quite a number of primary energy sources available
(such as solar energy, nuclear energy, wind energy, hydropower, plasma, geother-
mal energy, etc.), in contrast to the fossil fuels, these new primary energy sources
must be converted into fuels in order to be used as fuels for transportation or etc.
A new energy carrier is needed. Among the many choices, hydrogen is the best
candidate.1
Hydrogen - of which byproduct is nothing else than water - is the cleanest
fuel of ever known. It is also easy to produce since it can be analyzed back
from water, therefore it is also the cheapest one among other fuels. In addition
to that, hydrogen combustion does not contribute to the Greenhouse Effect. In
1For further information see T. N. Veziroglu, Hydrogen energy system as a permanent solu-
tion to global energyenvironmental problems, Chem. Ind. 53: 38393 (1999).
1
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fact, converting to a Hydrogen Economy may reverse the Greenhouse Effect.
Hydrogen is safer than gasoline or propane, and 14-times lighter than air. If it
is freed somehow, it will rise in the atmosphere without causing any danger due
to undesired contamination. In contrast to methane and methane derivatives,
hydrogen gas is not toxic, thus it is also harmless and desirable from sanitary
point of view.
Figure 1.1: The energy coming from the sun to earth in one year is 130 times
greater than the sum of yearly yields of three major energy resources; coal, petrol
and natural gas.
Hydrogen production is possible via electrolysis of water, the molecule which
we have more than everything on the Green Planet via utilization of solar energy.
The energy coming from the sun to the earth in each year is 130 times greater
than the sum of annual yields of three major energy resources; coal, petrol and
natural gas. Harvesting this great amount of cheap energy has been a goal of
mankind for years. So nowadays it is not difficult to see corporations dedicated
to conversion of solar energy.2
Technologies using hydrogen as an energy source are rapidly being developed.
One of the major uses of H2 is in fuel cell vehicles. Fuel cells convert the chemical
energy of hydrogen oxidation directly into electrical energy with emission of only
water with very high efficiency since the process is not subject to limitations of
Carnot Cycle [1]. This makes development of hydrogen storage and transporta-
tion technologies extremely important for the future. The worldwide giants of
automotive sector is nowadays on the way to build fuel cell powered vehicles. For
instance, Daimler Chrysler Corp. has announced that it would be the first to
produce fuel cell cars on the market during the next several years.3
2For instance you may see the website http://www.shec-labs.com
3http://www.daimlerchrysler.com
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However, hydrogen storage is a major problem because of lack of a safe and
efficient onboard storage technology. An ordinary gas tank, which may be carried
on a vehicle, will not contain enough amount of hydrogen. Targets for gravimet-
ric 6.2 wt.% and volumetric 65% densities for storage and transportation are
standardized in the US Department of Energy as a DOE Hydrogen Plan [2]. This
standardization is made by considering that a fuel cell powered vehicle would
need more than 3.1 kg of hydrogen for running a 500 km range [4]. Up to now
no storage technology is capable of reaching the targets (Fig. 1.2).
Figure 1.2: Energy densities for several hydrogen storage technologies [4].
There are four main technologies for hydrogen storage and transportation:
compressed gas storage, cryogenic liquid hydrogen storage (liquefaction), metal
hydrides, and physisorption [2]. The first three technologies either cannot reach
the benchmarks just mentioned, or have significant disadvantages. For exam-
ple, compression and liquefaction, are costly, and will surely inflate the total
fuel expense. Yet they are far from satisfying the desired goals. Also, liquefac-
tion wastes at least one third of the stored energy and liquid hydrogen storage
suffers from hydrogen losses due to evaporation. In addition to that carting com-
pressed hydrogen gas may cause undesired results, or even catastrophes. The
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metal hydrides-based technologies suffers from weight and cost concerns.
After the discovery [4] and reproduction [5, 6, 7, 8, 9] of high hydrogen adsorp-
tion capacity in carbon nanotubes and other low-dimensional carbon materials,
research interest have been casted on carbon based materials, especially carbon
nanotubes. If these encouraging experimental results can be reproduced easily
and the large-scale production of this carbon materials made available in the near
future, it will be possible to reach the DOE hydrogen plan goals.
1.2 Objective of the Thesis
Carbon Nanotubes (CNTs) may serve as the agent for the desired fuel cell tech-
nology. Hydrogen storage in CNTs is still at the research level and not yet mature
enough for industrial applications. It would be unfair to compare the CNTs for
hydrogen storage with that of metal hydrides or other established storage tech-
nologies. But it is clear that there is still a long road for CNTs to commercialize.
In this thesis work I will mainly focus on new mechanisms which render CNTs
possible media for hydrogen storage. In order to achieve this goal I will first give
an outline about the relevant materials, and the current status of research. Later
I will discuss our research results and try to explicate the aspects, promising new
applications paving the way towards hydrogen storage.
1.3 Organization of the Thesis
This thesis is composed of six chapters:
• (1)Introduction, which offers a general overview on the subject.
• (2)Fuel cells, which introduces the fuel-cell concept.
• (3)Carbon Nanotubes, which gives information about CNTs.
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• (4)Theory, which provides some theoretical background and indicates re-
quired references for the full theory.
• (5)Discussion of results.
• (6)Conclusion, which indicates conclusive remarks.
Chapter 2
Fuel Cells
2.1 What is a Fuel Cell?
A fuel cell consists of two electrodes juxtaposed around an electrolyte. Oxygen
which is taken from the atmosphere passes over one electrode and hydrogen from
the fuel cell over the other. Upon combination, they generate electricity, water
and heat. Hydrogen entering the anode of the fuel cell splits into two protons and
Figure 2.1: A schematic description of fuel cell.
two electrons by the existence of a catalyst. After this separation protons pass
6
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through the electrolyte. Meanwhile, electrons pass through an external circuit
creating electricity and return to the cathode to be reunited with the hydrogen
and oxygen in a molecule of water.
2.2 Types of Fuel Cells
2.2.1 Phosphoric Acid Fuel Cells (PAFCs)
This type of fuel cell is commercially available today. PAFCs generate electricity
at more than 40% efficiency – and nearly 85% of the steam this fuel cell produces
can be reused. Operating temperatures are 150− 200oC. The electrolyte is liquid
phosphoric acid soaked in a matrix. One of the main advantages to this type
of fuel cell, besides its nearly 85% cogeneration efficiency, is its usage of impure
hydrogen as fuel.
2.2.2 Proton Exchange Membrane Fuel Cells (PEM cells)
This type of fuel cells are also called Solid Polymer Fuel Cells. These cells operate
at relatively low temperatures (≈ 80oC) and have high power density. They can
vary their output quickly to meet shifts in power demand. These are very suitable
for vehicle applications. The proton exchange membrane is a thin plastic sheet
that allows hydrogen ions to pass through it. The membrane is coated on both
sides with highly dispersed metal alloy particles (mostly platinum) that are active
catalysts. The electrolyte is poly-perflourosulfonic acid, which is a solid organic
polymer.
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2.2.3 Molten Carbonate Fuel Cells (MCFCs)
MCFCs use a liquid solution of lithium, sodium and/or potassium carbonates,
soaked in a matrix for an electrolyte. They promise high fuel-to-electricity effi-
ciencies, about 60% normally or 85% with cogeneration, and operate at about
650oC. The high operating temperature is an advantage because this implies
higher efficiency and the flexibility to use more types of fuels and inexpensive
catalysts. A disadvantage to this, however, is that high temperatures enhance
corrosion and lead to the breakdown of cell components.
2.2.4 Solid Oxide Fuel Cells (SOFCs)
Another highly promising fuel cell, this type could be used in big, high-power
applications including industrial and large-scale central electricity generating sta-
tions. A solid oxide system usually uses a hard ceramic material of solid zirconium
oxide and a small amount of ytrria, instead of a liquid electrolyte, allowing op-
erating temperatures to reach 1000oC. Power generating efficiencies could reach
60% and 85% with cogeneration.
2.2.5 Alkaline Fuel Cells (AFCs)
These has been used by NASA on space missions. They can achieve power gen-
erating efficiencies of up to 70%. Their operating temperature is 150 to 200oC.
They use an aqueous solution of alkaline potassium hydroxide soaked in a matrix
as the electrolyte. This is advantageous because the cathode reaction is faster in
the alkaline electrolyte, which means higher performance. They were too costly
to commercialize, but several companies are trying to reduce costs and improve
operating flexibility.
CHAPTER 2. FUEL CELLS 9
2.2.6 Direct Methanol Fuel Cells (DMFCs)
DMFCs use a polymer membrane as the electrolyte, just like PEM cells. However
the anode catalyst itself draws the hydrogen from the liquid methanol, eliminating
the need for a fuel reformer. Efficiencies of about 40% are expected with this type
of fuel cell. What makes these fuel cells attractive is its operation temperature,
that may be typically 50 − 100oC, which makes them appropriate for tiny to
mid-sized applications, to power cellular phones and laptops.
2.2.7 Zinc Air Fuel Cells (ZAFCs)
ZAFCs have a gas diffusion electrode, which is a permeable membrane that al-
lows atmospheric oxygen to pass through. After the oxygen has converted into
hydroxyl ions and water, the hydroxyl ions will travel through an electrolyte, and
reaches the zinc anode. Here, it reacts with the zinc, and forms zinc oxide. This
process creates an electrical potential. Due to the abundant amount of zinc on
earth, the material costs are low. Hence, zinc-air technology has a potential wide
range of applications, There is a current commercialization activity in this field.1
2.2.8 Protonic Ceramic Fuel Cells
This type of fuel cell uses a ceramic electrolyte material that has high protonic
conductivity at elevated temperatures. PCFCs on the one hand have the thermal
and kinetic advantages of high temperature operation (700oC), on the other hand
they exhibit all of the intrinsic benefits of proton conduction as in PEMs and
PAFCs. In addition to that, PCFCs have a solid electrolyte so the membrane
cannot dry out as with PEM fuel cells, or liquid can’t leak out as with PAFCs.
For further information you may see Ref.[3].
1You may see http://www.powerzinc.com/.
Chapter 3
Carbon Nanotubes
Carbon nanotubes(CNTs) - long, thin cylinders of carbon - are discovered by S.
Iijima in 1991 [10]. These are large macromolecules, and are unique because of
their size, shape, and remarkable physical properties. They can be viewed as
graphite sheets that are rolled into cylinders. These interesting structures have
drawn much attention in recent years and a large amount of research has been
dedicated for a better understanding of them. Their physical properties are still
being discovered and disputed. Because of their broad range of electronic, ther-
mal, and structural properties (defined by its diameter, length, and chirality, or
twist), they are considered as promising nanostructures with novel technological
applications. Nanotubes are, in fact, either metal or semiconductor depending
on their diameter and helicity [11].
The fundamental building block of CNTs is the single-wall carbon nanotube
(SWNT). The typical diameter of a SWNT ranges from 0.3 nm to several
nm’s. Multi-wall carbon nanotubes (MWNTs) contain several coaxial cylinders
of SWNTs with an interlayer spacing of 0.34 − 0.36 nm. Actually SWNTs may
be thought as one rolled single layer of graphite. Each end of these cylinders is
capped with half of a fullerene molecule [12].
10
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Figure 3.1: Carbon nanotubes.
Interest from the research community have first focused on exotic elec-
tronic properties of nanotubes. CNTs can be considered as prototypes for one-
dimensional quantum wires. They can be used, for instance, in nanoelectronics.
Carbon nanotubes also have desirable mechanical properties. Therefore, they can
be suitable materials even for strengthening of polymers. They are expected to
be the ultimate fiber owing to very high strength-to-weight ratio. Their utility
as the strongest or stiffest elements in nanoscale devices or composite materials
remains as a powerful motivation. They may also act as nanocontainers since
the inner hollow cavity can serve for storage. Hydrogen storage is another field
where CNTs may involve. High H2 adsorption data is obtained in some experi-
ments via utilization of CNTs, especially SWNTs, as adsorptive media [4, 8, 9].
An efficient H2 storage technology may unfold the ways to fuel cells of desired
capacity and dimensions. In addition, outer walls of CNTs can be decorated by
atoms or molecules for functionalization purposes. Oxygen, hydrogen, aluminum
etc. can be used and carbon atoms can be saturated from outside [13]. It is
interesting to note that their affinity to make bonds with different atoms may
be tuned by radial deformation, which renders them more volatile on the high
curvature sites of the outer surface. This kind of deformation is also reversible
for CNTs [14]. It is also possible to engineer the band gaps of semiconducting
nanotubes or even making them metallic via radial deformation [15]. We may
also say that CNTs are exceptional among all one-dimensional systems since they
are free from Peierls distortion [16].
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3.1 Carbon Atom and Graphite Crystal
Being the first member of 4A group, carbon element has a wide range of chemical
properties. It involves in many reactions and exists in countless compounds, most
of which are central to life. The giant molecules deoxyribonucleic acids (DNAs)
that contain all our genetic information are among those. The compounds of car-
bon also furnishes the energy that sustains life. Such huge amount of compounds,
most of which are related with our very life, urged chemists to reserve a separate
branch to the chemistry of carbon the so-called Organic Chemistry. This name
referred to compounds that come from a living organism, after 1780s. In those
days it was thought that a vital force must intervene for the synthesis of organic
compounds. Later on, organic compounds began to be synthesized from sources
that were evidently inorganic and the name remained as a memory [17].
Figure 3.2: sp2 hybridization in carbon atom.
Despite this colossal variety of compounds, elemental carbon atoms are found
in two different types of crystal structure; namely, (hexagonal) graphite and dia-
mond. The 2s and 2p orbitals which are used in the quantum mechanical descrip-
tion of the carbon atom are based on hydrogenic wavefunctions. These simple
orbitals are inadequate in describing carbon atoms in their compounds such as the
tetravalent-tetrahedral carbon of methane molecule(CH4). The orbital hybridiza-
tion approach provides the satisfactory explanation. From a mathematical point
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of view this is nothing more than a process that involves the combining of indi-
vidual wavefunctions of s and p states to obtain wavefunctions for new orbitals,
as described in Fig. 3.2. In graphite, carbon atoms make sp2 hybridization. In
this type of hybridization 2s orbital undergoes a hybridization with two of the
2p orbitals. One 2p orbital is left unhybridized, this is called the pz orbitals as
described in Fig. 3.3 [17].
Figure 3.3: Three sp2 hybrid orbitals are coplanar, the unhybridized pz orbital is
perpendicular to this plane [17].
In a graphite layer sp2 orbitals of different carbon atoms overlap with each
other and make strong covalent bonds. These bonds are called σ bonds. The
overlap of pz orbitals form loose bonds between neighboring layers of graphite.
These bonds are called pi-bonds. The geometry of the hybridized orbital is trigonal
planar. This is the reason why each carbon atom in graphite structure has three
nearest neighbors on the sheets of graphite. This triple bonding results in the
fine honeycomb shape of the graphite lattice [18].
A separate layer of graphite is called graphene (Fig. 3.4). Even though each
graphene has very strong inlayer bonds due to σ-bonding, they can slide over
each other because of weak pi-bonding orbitals. The atom-atom distance (or C-
C bond) within graphene is 0.142 nm. The distance (or spacing) between two
graphene layers if graphite is 2.5 times larger than that value; namely it is 0.334
nm (see Fig. 3.5) [18].
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Figure 3.4: Hexagonal pattern of a graphene sheet.
3.2 The Structure of Carbon Nanotubes
High resolution microscopy techniques have been used to investigate the structure
of CNTs. Graphite wrapped into cylinders form these tiny but as if magical
structures. If only a graphene layer is rolled up, the result is a SWNT. SWNTs
are named according to their characteristic rolling vector, the so-called chiral
vector C, which is defined in terms of graphene lattice vectors a1 and a2. For
specifying the structure of an individual SWNT, an integer pair (n,m) -called
chiral indices- are introduced. The diameter and helicity of a defect-free SWNT
are uniquely characterized by this chiral vector, C = na1 +ma2, which connects
the crystallographically equivalent sites on graphene [12].
Since the graphene sheet is wrapped by joining the tip and the start of the
chiral vector, the length of C is also the circumference of this SWNT. The radius
of the tube, R, is given by:
R =
|C|
pi
=
a
2
√
n2 +m2 + nm (3.1)
where a is the graphite lattice constant which is 2.46 A˚ [18].
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Figure 3.5: Graphene layers in graphite lattice are separated by a distance of
0.334 nm.
The angle between C and a1 is the chiral angle. If θ = 0
o, this SWNT is called
a zigzag nanotube, when a zigzag pattern perpendicular to the axis of the tube
is occurred. If θ = 30o it is called an armchair nanotube where zigzag pattern is
parallel to the axis of the tube. If the chiral angle is between these two values,
the SWNT is called a chiral nanotube (Fig. 3.6, Fig. 3.7). Any other value of the
chiral angle, θ greater than 30o can be folded into this interval.
Band calculations predict that chiral indices determine the electronic behavior
of SWNTs which may behave either as metallic or as semiconducting [19, 20,
21]. A nanotube having indices (n,m), will be metallic whenever 2n + m sum
is an integral multiple of 3. Therefore armchair nanotubes are all metallic. If
the curvature effects are neglected the electronic structure of nanotubes can be
determined by folding graphene bands. The allowed electronic states of SWNT
are then those of graphene that satisfy the circumferential periodic boundary
condition: k · C = 2pil, where l is an integer. That is why we see nanotubes
either as metals or as semiconductors. Since Fermi surface of graphene is around
the corners of hexagonal Brillouin zone, the position of the Fermi vector kF with
respect to chiral vector C will determine the behavior of SWNT. If kF ·C = 2pim,
we may expect a metallic behavior. If this equality is not satisfied then it is
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Figure 3.6: The chiral vector which characterizes SWNTs is linear combination
of graphene lattice vectors [12].
semiconducting [12].
For a one-dimensional metal it is energetically favorable to rearrange the
atomic positions. By this way, electrons set up a charge density wave that is
a modulation of electronic charge density caused by instability of metallic Fermi
surface. That involves the electron-phonon interaction, and results in energy gaps
at Fermi level, and gain in electronic energy. At low temperature, the elastic en-
ergy cost of lattice distortion is less than the electronic energy gain so the charge
density state is the ground state. At high temperature, the electronic energy
gain is reduced by thermal excitation of electrons across the gap, so the metal-
lic state is stable. The idea of a single molecule in metallic state is then very
unusual because of Peierls instability [16]. However, CNT can be an exception
because the energy cost of simultaneously rearranging the positions of all carbon
atoms is large due to the tubular structure and the gain is small since there are
only two subbands near the Fermi level. Hence, the nanotube molecule can be
in metallic state. In fact, the mean field transition temperature from the Peierls
distorted regime to high temperature metallic regime was estimated well below
room temperature [12].
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Figure 3.7: Possible vectors specified by (n,m) for zigzag, armchair, and chiral
nanotubes. Below (n,m) pairs are listed the number of distinct caps that can be
joined continuously to the carbon nanotube denoted by (n,m) [19]. The encir-
cled dots denote metallic nanotubes while the small dots are for semiconducting
nanotubes [12].
3.3 Synthesis of Carbon Nanotubes
3.3.1 Arc Discharge
The arc discharge was the first available method for the production of both
MWNTs and SWNTs. It is interesting that this technique has been long used for
carbon fiber production. It is probable that nanotubes were already there before
1991, but it was Iijima who first recognized them. MWNTs can be produced
in a carbon arc apparatus similar to the one depicted below using the method
described by Ebbesen and Ajayan [22]. An arc is applied between two graphite
electrodes in a gas atmosphere. MWNTs, produced by arc discharge are long
and straight tubes closed at both ends with graphitic walls. Iijima et al. [23] and
Bethune et al. [24] reported in 1993 that an arc discharge with a cathode con-
taining metal catalysts (such as cobalt, iron or nickel) mixed to graphite powder
results in a deposit containing SWNTs. SWNTs are usually assembled in ropes
but some single tubes can also be found in the deposits.
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3.3.2 Laser Ablation
Another method to grow SWNTs is laser ablation which was demonstrated in 1996
by Smalley’s group and has prompted a lot of interest [25]. Thess et al. [26] showed
that the synthesis could be carried out in a horizontal flow tube under a flow of
inert gas at controlled pressure. In this set-up the flow tube is heated to 1200oC
by a tube furnace. Laser pulses enter the tube and strike a target consisting of
a mixture of graphite and a metal catalyst such as Co or Ni. SWNTs condense
from the laser vaporization plume and are deposited on a collector outside the
furnace zone.
3.3.3 Catalytic Growth
Catalytic growth is another alternative to the arc discharge and laser ablation
methods in nanotube production. This method is based on the decomposition
of a hydrocarbon gas over a transition metal to grow nanotubes in a chemical
vapor deposition (CVD) reactor. Carbon filaments and fibers have been produced
by thermal decomposition of hydrocarbons since 1960s. Usually, a catalyst is
necessary to promote the growth. It was first used in 1993 by Yacaman et al. [27]
to grow MWNTs from the decomposition of acetylene over iron particles. For
the production of MWNTs acetylene is usually used as source of carbon atoms at
temperatures typically between 600 − 800oC. To grow SWNTs the temperature
has to be significantly higher (900 − 1200oC) due to the fact that they have a
higher energy of formation. In this case carbon monoxide or methane must be
used because of their increased stability at higher temperatures as compared to
acetylene [28].
3.4 Carbon Nanotubes with H and H2
As indicated before, hydrogen is the key for a possible fuel cell technology. If a
suitable mechanism, in which hydrogen is stored and extracted easily, is invented,
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a major hindrance would be surpassed. It has been contemplated that an efficient,
cheap and rechargeable storage mechanism in fuel cells may be provided by CNTs
via utilization of their unusual electronic and mechanical behaviors. By this
motivation there have been several studies in order to reveal the interactions
between atomic H, H2 and CNTs.
3.4.1 H + CNT
Atomic hydrogen is adsorbed on graphene sheet without suffering any potential
barrier. Its adsorption on CNTs on the outer surface is even easier. Interaction
of atomic H with CNTs has been investigated several times by different groups.
Bauschlicher [29, 30] and Froudakis [31] studied the bonding of H atoms on the
exterior wall of different SWNT structures. Bauschlicher found the average CH
bond energy for the first H to be 0.94 eV, and 1.76 eV for the first two H atoms.
The average bond energy for 50% coverage was 2.49 eV, decreasing to 1.68 eV for
100% coverage. Froudakis studied the bonding of single H with the tube where
the H atom approached the tube wall in two ways: direct approach to the top
of a carbon atom, and approach along the centerline of a hexagon. The energy
minima were, respectively, 0.91 eV and 2.43 eV [31].
Gu¨lseren et al. have also pursued dedicated studies on exohydrogenation of
SWNTs and its effects on electronic behavior of SWNTs [32]. They have found
that hybridization of a single carbon atom on SWNT molecule via hydrogenation
is always exothermic regardless of the tube radius. Also it is remarkable that
hybridization of zigzag nanotubes is more favorable than armchair nanotubes of
same radius. This suggests a selective chemical functionalization [13]. By the
utilization of band gap engineering on SWNTs, different multiple structures may
be combined on a single molecule. Consequently a one-molecule transistor may
be constructed out of SWNTs. Gu¨lseren et al. [32] also assert that the very high
density of states at the Fermi level of uniform pattern isomer at half coverage
may yield superconductivity in SWNT based nanowires.
The interaction of atomic hydrogen with SWNT from the inner surface has
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been investigated by Lee et al. [33] and Ma et al. [34]. It is evident that atomic
hydrogen is not adsorbed from inside the tube due to inversely twisted bonds
which makes hybridization harder than flat graphite surface.
3.4.2 H2 + CNT
Dillon et al. [4] have pioneered the idea that CNTs open the way to the novel fuel
cell technology. They have estimated an H2 adsorption of 5-10 weight percent
(wp) for single-wall carbon nanotubes (SWNTs) at pressures less than one bar in
ambient temperature. Several recent attempts have justified their estimation by
presenting evidence that CNTs can be suitable for hydrogen storage. In fact, Ye et
al. [8] and Dresselhaus et al. [9] came up with H2-storage capacities of 8.25 wp and
4.2 wp, respectively. Unfortunately, studies so far have come up with controversial
conclusions. On one side, there have been some theoretical [33, 34, 35, 36] and
experimental [6, 37] studies which also support the idea that CNTs can make high
H2-uptake possible. For instance, Monte Carlo simulations usually predict high
H2-uptake [35, 36]. On the other side, some other theoretical [38, 39, 40, 41] and
experimental [38, 43] studies have contradicted the data favoring high H2-uptake.
Recently in our own study we have shown that the promising data [4, 8] for
bare SWNT are, in fact, exaggerated. These are experimental studies and it is
probable that the researchers have mistaken due to some contaminations. In our
DFT calculations, we have seen that a bare (8,0) SWNT is inert to H2. Besides
there is a repulsive interaction which avoids them from coming together. On
the other hand, whenever the hydrogen molecule is located very near to carbons
(∼ 1.1A˚), it is trapped in a local minimum. Surprisingly, when SWNT suffers a
radial deformation it becomes more volatile on the outer surface [14]. So radially
deformed SWNTs may indeed adsorb H2 via dissociation. This may be the clue
for the foreseen novel H2-uptake technology [42].
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3.4.3 H2 + Alkali Doped-CNT
Chen et al. [6] demonstrated that alkali metals can serve as catalysts for CNT-H2
reaction. Their results [6] reached up to 20 wp at ambient pressure after the
exposure of Li-doped carbon nanotubes to H2 gas at 653 K. Later, some groups
confirmed this result in their own studies [44, 45]. It has been argued that since
alkali metals, especially Li, are good electron donors, they decrease the adsorption
barrier for molecular hydrogen to disassociate. In our own calculations we were
able to see that H2 adsorption on Li-doped (8,0) SWNT is, in fact, enhanced.
Actually it creates a similar effect as radial deformation.
A reversible H2 adsorption mechanism is suggested by Lee et al. [45]. They
claimed that H2 can be extracted from LiH doped SWNTs. Moreover, based on
semiempirical calculations, Dubot and Cenedese [44] claimed that coadsorbed Li
allows molecular adsorption of hydrogen on the tube with a binding energy in
the chemisorption regime [44]. Despite all these optimistic comments, Yang [46]
argued that water contamination in the sample is confused with H2-uptake.
Chapter 4
Theoretical Background
4.1 The Schro¨dinger Equation
In his correspondence with Einstein, Schro¨dinger wrote,
“ I have been intensely concerned these days with Louis de Broglie’s ingenious
theory. It is extraordinarily exciting, but still has some very grave difficulties ”
just a few weeks before publishing his series of six papers on Wave Mechan-
ics in 1926, where he declared his celebrated equation, the so-called Schro¨dinger
Equation.
ĤΨi(r,R) = EiΨi(r,R) (4.1)
It is hard to believe that this equation contains all the information of any system
via expressing them by many-body wave functions, which can be generally written
down as:
Ĥ = Ĥel + Ĥion + Ĥel−ion (4.2)
in terms of electronic Hamiltonian Ĥel, ionic Hamiltonian Ĥion and electron ion
interaction, Ĥel−ion. Explicit forms are as follows:
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Ĥel = −
n∑
i=1
~2
2m
∇2i +
e2
2
n∑
i=1
n∑
j 6=i
1
|ri − rj| (4.3)
Ĥion = −
P∑
I=1
~2
2MI
∇2I +
e2
2
P∑
I=1
P∑
J 6=I
ZIZJ
|RI −RJ | (4.4)
Ĥel−ion = −e2
P∑
I=1
n∑
i=1
ZI
|RI − ri| (4.5)
where R = RI , I = 1, ....P , is a set of P nuclear coordinates, and r = ri,
i = 1, .....n, is a set of n electronic coordinates.
If one could have solved the quantum mechanical many-body Schro¨dinger
equation of any system, the physical and chemical properties of molecules or even
macroscopic bodies would be all in our hands. But as one may expect, analytical
solutions exist only in a few cases, such as free electron gas or hydrogen atom.
Obtaining the exact numerical solutions is a formidable task which can only be
carried out and is only meaningful for systems of very small number of parti-
cles [?]. We are dealing with 3P +3n coupled equations. Calculations in the liter-
ature predominantly resort to the adiabatic approximation (Born-Oppenheimer)
and to the classical treatment of the nuclei [47], which may be accepted as the
first two steps on the way to a solution. The other early and important approx-
imations which opened the way to Density Functional Theory are Hartree and
Hartree-Fock approximations.
4.2 Fundamental Approximations to Scro¨dinger
Equation
4.2.1 Born-Oppenheimer Approximation
Due to their minute translational inertia - which is one 1836th of that of a proton
- electrons are much faster to adapt to alternations in their environment then do
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protons. It will not be a mistake if we say that electrons instantaneously follow
the sluggish nuclei. Then without much error, we can separate the movement
of electrons and nuclei, and assume that the movement of electrons depends
on positions of nuclei in a parametric way. This is the contents of the Born-
Oppenheimer approximation. Thus electron remains in the same stationary state
all the time [48]. This stationary state will vary in time due to Coulombic in-
teraction with the nuclei and electrons will not make transitions between states
unless there exist an external effect due to an electromagnetic field.
Born-Oppenheimer approximation gives us the freedom to take the ionic co-
ordinates (RI ’s) as constants, by taking RI ’s as the equilibrium positions, one
obtains the many body electronic Hamiltonian.
Ĥ = −
n∑
i=1
~2
2m
∇2i + e2
n∑
i=1
(
P∑
I=1
−ZI
|ri −RI |
)
︸ ︷︷ ︸
Vi
+
e2
2
n∑
i=1
n∑
j 6=i
1
|ri − rj| (4.6)
where the second term is the ionic potential.
4.2.2 Classical Nuclei Approximation
In a large variety of systems the solution to the quantum nuclear equation becomes
redundant. Nuclear wave functions may be replaced by Dirac-δ functions; if
inter-atomic distances are much larger than thermal wavelength in order not to
suffer quantum phase coherence, and if the potential energy surfaces in bonding
environments are stiff enough so as to localize the nuclear wave functions. As
the atomic mass assumes higher values the thermal wave length approximation
becomes more and more powerful. Nevertheless, one may easily claim that it is
also a very good one in the worse case, i.e hydrogen atom of which interatomic
distance is ten times of the thermal wavelength at the room temperature (λT ≈
0.1 A˚). The connection between quantum and classical regimes can be achieved
via Ehrenfest’s theorem which considers the mean values of the position and
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momentum operators [49].
4.2.3 Hartree Approximation
The motion of electrons are coupled due to electron-electron repulsion expressed
by the last term in Eq. (4.6). This way the coordinates in many-electron Hamil-
tonian cannot be separated. In 1928 Douglas Rayner Hartree proposed an ap-
proximation, which basically proposes that the many-electron wave function can
be expressed as multiplication of separate one-electron wave functions [50].
Φ(R, r) = Πiϕ(ri) (4.7)
The effective potential seen by a single electron in Eq. (4.8)is approximated to
arise from a charge distribution, which is calculated by absolute squaring the
wave function of the other electrons, in Eq. (4.9).
(− ~
2
2m
∇2 + V (i)eff (R, r))ϕi(r) = ²iϕi(r) (4.8)
with
V
(i)
eff (R, r) = V (R, r) +
∫ ∑n
j 6=i ρj(r
′
)
|r− r′| dr
′
(4.9)
where
ρj(r) = |ϕj(r)|2 (4.10)
is the electronic density associated with particle j. The ²i is the energy of the
i-th electron. In practice, we start with some approximate orbitals ϕi (e.g., from
hydrogen atom). We solve all N equations and obtain the N new ϕ
′
i’s by iterating
them until the self consistency is obtained. Then we find the new orbitals and
from these orbitals we can form a many electron wave function Ψ, and then
calculate the total energy E of the ground state. This process is called self-
consistent field Hartree approximation. It should be noted that the energy of the
many-body system is not the sum of the eigenvalues of the Eq. (4.9) because of
the double counting of electron-electron interaction [51]. The total correct energy
expression is:
E =
n∑
i
εn − 1
2
∫ ∫
ρ(r)ρ(r
′
)
|r− r′| drdr
′
(4.11)
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4.2.4 Hartree-Fock Approximation
The idea of single-electron approximation is quite good, and allows us to produce
an approximate many-electron function for the whole atom. But the form of
the function adopted by Hartree was basically wrong and gives rise to incorrect
results, since it disregards the fermionic nature of electrons. The wave function
shall be in compliance with Pauli exclusion principle. Few years later - in 1930 -
Fock, and independently Slater proposed an amelioration for the Hartree method.
They also used one-electron functions, but the total wave function for the system
was not a simple product of orbitals, but an antisymmetrized sum of all the
products. It is represented as a determinant (called Slater determinant):
Ψ(R, r) =
1√
N !

φ1(r1) . . . φ1(rN)
...
. . .
...
φN(r1) . . . φN(rN)
 (4.12)
By this function particle exchange is introduced in an exact way [52, 53]. The
exchange integral introduces an extra term due to coupling in the Schro¨dinger
equation it takes the form:
(
− ~
2
2m
∇2 + V (r)
)
ϕj(r) + e
2
∑
k 6=j
∫ |ϕk(r′)|2
|r− r′| dr
′
ϕj(r) (4.13)
+e2
∑
k 6= j
spin‖
∫
ϕ∗k(r
′
)ϕj(r
′
|r− r′| dr
′
ϕk(r) = Ejϕj(r)
This is the Hartree-Fock equation. The last term in Eq. (4.13) is the non-
local exchange potential. Defining the charge density (ρHj ) and exchange charge
density (ρHFj ) operators as following.∫
ρHj dr = −e (4.14)∫
ρHj dr = −e
∑
k
spin‖
ϕ∗k(r
′
)ϕj(r
′
ϕ∗j(r)ϕk(r
ϕ∗j(r)ϕj(r
(4.15)
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We may write the Hartree-Fock equation as follows:
[
− ~
2
2m
∇2 + V (r− e
∫
ρ(r
′
)− ρHFj (r′)
|r− r′ | dr
′
]
︸ ︷︷ ︸
Fock Operator
ϕj(r) = Ejϕj(r) (4.16)
The solution to this equation involves iteration as in the case of Hartree equa-
tion, where you begin with some ad-hoc trial functions. Nevertheless a further
difficulty appears because the third term in Eq. (4.16) depends on j, so that
Hartree-Fock equation for each electron differs. This can be circumvented by
Slater’s approximation which averages the ρHFj over all j. So we substitute ρ
HF
j
for ρHFj in Eq. (4.16). In this way the interaction term becomes only a function
of r, which can be combined with the second term to represent a local potential
field which is equally valid for all electrons. This way, one achieves the splitting
of the Schro¨dinger equation into one electron equations [51].
4.3 Density-Functional Theory
4.3.1 Thomas-Fermi Theory
Thomas and Fermi proposed that the full electronic density is the fundamental
variable of the many-electron problem. They derived a differential equation for
density without using the one-electron orbitals [54, 55]. Although it is rather
crude the Thomas-Fermi approximation became the starting point for Density-
Functional Theory.
4.3.2 Hohenberg-Kohn Theorem
The use of electron density as a fundamental description of the system was based
on intuition rather than rigorous proof, for many years. Electron density depends
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only on three coordinates1, where as the many-body wave function depends on
all coordinates of all particles. The fact that the ground state properties are
functionals of the electron density ρ(r) was proved by Hohenberg and Kohn (1964)
and it provides the basic framework for modern Density Functional methods [56].
Two theorems proved by them are:
I. For a non-degenerate ground state of the system the external potential is
univocally determined, within a trivial additive constant, as a functional of
the electronic density.
That is every observable of a stationary quantum mechanical system (in-
cluding energy), can be calculated, in principle exactly, from the ground-
state density alone.
II. The ground state density can be calculated, in principle exactly, using the
variational method involving only density.
The original theorems refer to stationary ground state, but are being extended
to excited states and time-dependent potentials (for further information you may
refer to Ref.[57]).
These two theorems construct the framework of the DFT method.
4.3.3 Kohn-Sham Equations
The major error in the Thomas-Fermi approach comes from approximating the
kinetic energy as a density functional. On the other hand the kinetic energy
operator is non-local even if it is short-ranged. A major advance in this area is
provided by W. Kohn and L. Sham in 1965, who proposed the idea of replacing
the kinetic energy of the interacting electrons with that of an equivalent non-
interacting system [58]. The density matrix ρs(r, r
′
) that for the interacting
ground state is the sum of the spin-up and spin-down density matrices. For
1There may be two densities for spin up and spin down electrons(ρ↑(r),ρ↓(r)).
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either spin-up (s = 1)and spin-down (s = 2) we may write:
ρs(r, r
′
) =
∞∑
i=1
ni,sϕi,s(r)ϕ
∗
i,s(r
′
) (4.17)
The kinetic energy can be written in atomic units (~ = 1, m = 1 and e2 = 1)
exactly as
T =
2∑
s=1
∞∑
i=1
ni,s〈ϕi,s
∣∣∣∣−∇22
∣∣∣∣ϕi,s〉 (4.18)
For the non-interacting electrons these reduce to.
ρ(r) =
2∑
i=1
Ns∑
i=1
|ϕi,s(r)|2 (4.19)
TR[ρ] =
2∑
s=1
Ns∑
i=1
ni,s〈ϕi,s
∣∣∣∣−∇22
∣∣∣∣ϕi,s〉 (4.20)
Using TR[ρ], the universal density functional can be rewritten as follows:
F [ρ] = TR[ρ] +
1
2
∫ ∫
ρ(r)ρ(r′)
|r− r′| drdr
′ + EXC [ρ] (4.21)
Here the exchange and correlation energy enters as a functional of the density.
Finally the Kohn-Sham functional is:
EKS[ρ] = TR[ρ] +
∫
ρ(r)v(r)dr+
1
2
∫ ∫
ρ(r)ρ(r′)
|r− r′| drdr
′ + EXC [ρ] (4.22)
By doing this the density functional is expressed in terms of Kohn-Sham orbitals
which minimize the kinetic energy under preset constrain of density [47].
4.3.4 The Local Density Approximation(LDA)
The simplest way to implement density functional approximation is a local ap-
proximation, in which the functional is a simple integral over a function of the
density at each point in space:
ElocXC [ρ] =
∫
d3rf(ρ(r)) (4.23)
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where f(ρ(r)) is a function of charge density, ρ [59].
The LDA is often surprisingly accurate and for systems with slowly varying
charge densities generally gives very good results. For atoms and molecules,
the total exchange energy is typically underestimated by about 10%. On the
other hand, the correlation energy is overestimated by about a factor of 2 or
3 [47]. In some cases, some semiconductors have no gap in LDA, so it makes
the incorrect prediction that they are metals [60]. For atomization energies of
molecules or cohesive energies of solids, LDA tends to overbind. The bond lengths
are predicted fairly accurately by using LDA [47].
4.3.5 Generalized Gradient Approximation (GGA)
In order to correct the insufficient results of LDA, some new computational ap-
proaches should be introduced. The most favored way is to introduce semi-locally
the inhomogeneities of the density, by expanding EXC [ρ] as a series in terms of
the density and its gradients.
EXC [ρ] =
∫
Axc[ρ]ρ(r)
4/3dr+
∫
CXC [ρ]|∇ρ(r)|2/ρ(r)4/3dr+ ... (4.24)
This approximation is the GGA and its basic idea is to express the exchange-
correlation energy in the following form:
EXC [ρ] =
∫
ρ(r)²XC [ρ(r)]dr+
∫
FXC [ρ(r,∇ρ(r))]dr (4.25)
where the function FXC is asked to satisfy the formal conditions [61].
Being a more sophisticated approach GGA provides improved binding and
atomic energies. Beyond this bond lengths and bond angles are better than that
obtained by LDA.
4.3.6 Periodic Supercells
All these formalisms give us the opportunity of transforming the observables of
many-body systems into single particle equivalents. Nevertheless, there are two
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Figure 4.1: Supercell geometry for a SWNT molecule.
difficulties: First of all, for each electron of the system a wave function must
be calculated, since each electronic wave function extends over the entire solid.
Secondly, for expanding each wave function a basis set of infinite elements is re-
quired. If we consider our system as periodic both problems can be circumvented
via Bloch’s Theorem [47]. Bloch’s Theorem states that in a periodic system each
electronic wave function can be written as a product of two functions: a plane
wave exp(ik·r) times a periodic function un,k(r) with the periodicity of the crystal
lattice,
ϕn,k(r) = e
ik·run,k(r) (4.26)
Using Bloch function, single electron states can be expressed in momentum
space. A single molecule is described by a periodically repeating supercells in
order to express Bloch function in terms of plane waves in momentum space.
These methods for periodic systems may be valid also for non-periodic systems.
This can be a single molecule or even a system with a single defect. Of course,
since their periods are infinite in principle, a continuous plane-wave basis set
would be required. If one uses periodic supercells, calculations using plane-wave
basis sets become possible. Supercells and hence crystal structure are generated
through out the space by applying periodicity as depicted in Fig. 4.1. In these
kind of systems a large enough supercell should be constructed in order to avoid
interactions between molecules [47].
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4.3.7 Plane Wave Basis Set
The Bloch states are expressed in terms of the linear combination of plane waves
ϕn,k(r) =
∑
G
ak+Ge
i(k+G)·r (4.27)
where G’s are reciprocal vectors. The above form reflects the periodicity of the
supercell, i.e.
ϕn,k(r) = ϕn,k(r+R) (4.28)
where R is any translation vector of the lattice generated by juxtaposing the
supercells.
According to Bloch’s theorem, the electronic wave functions at each k-point
can be expended in terms of a discrete plane-wave basis set. Infinite number
of plane-waves are needed to perform such expansion. However, the coefficients
for the plane waves with larger kinetic energy (~2/2m)|k + G|2 are becoming
less important. Therefore one can ascertain some particular energy cutoff. This
will lead to an error in computed energy. For particular structures we may need
a more higher cutoff energy. As the wavefunctions we are trying to express
are more localized, cutoff should be increased further. By choosing a particular
cutoff value we accept to have some amount of error. If the cutoff is determined
by convergence tests, this error will be immaterial [47].
When we are solving the Kohn-Sham equations electronic states are allowed
only at a set of k-points that are preset by the boundary conditions. The density
of allowed k-points are proportional to the volume of the cell. Theoretically an
infinite number of calculations are required to find the potential, because there
are infinite number of electrons in the solid. The Bloch Theorem changes the
problem to calculating a finite number of electronic wavefunctions at an infinite
number of k-points. However, the electronic wave functions at k-points that are
very close to each other. Thus, a single k-point will be sufficient to represent
the wave functions over a particular region of k-space. So one can obtain an
accurate approximation for the electronic potential and the total energy by just
using a finite number of k-points. While using relatively smaller number of k-
point reduces the computation time, it can decrease the accuracy of total energy
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calculation. One has to perform convergence test with respect to the number of
k-points and energy cutoff in order to achieve the required accuracy [47].
4.3.8 Pseudopotential Approximation
Aforementioned, plane waves are not powerful basis for expanding functions which
are either localized or suffer rapid oscillations in a specific region of space. On the
other hand, it is well-known that most of the physical and chemical properties
of atoms are dependent on the valence electrons. The pseudopotential approxi-
mation exploits this idea by using plane waves which are orthogonal to the core
state. The core orthogonalization part later are included to the ionic potential as
a repulsive term, this way the strong core potential is smoothened. The relatively
weaker pseudopotential that acts on a set of pseudo wavefunctions is called pseu-
dopotential [62]. An ionic potential, valence wave function and the corresponding
pseudopotential and the pseudo wavefunction can be seen in Fig. 4.2.
Figure 4.2: Illustration of all-electron (solid lines) and pseudoelectron (dashed
lines) potentials and their corresponding wave functions [47].
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4.4 Van der Waals Interaction
Van der Waals interaction comprises three different types of interaction. These
three types are:
• 1.The orientation effect, or interaction between permanent dipoles.
• 2.The induction effect, or interaction between a permanent dipole and a
temporary dipole.
• 3.The interaction between temporary dipoles and induced dipoles.
This last one causes the so-called Dispersion Forces and maybe makes up the
most important contribution to the total van der Waals force between atoms and
molecules. That is why the term van der Waals force has sometimes erroneously
been used for only forces involving temporary dipoles. Since they are always
present - in contrast to forces that may not be present depending on the properties
of the molecules - they play a major role in most of important phenomena such as
adhesion, surface tension, physical adsorption, wetting, the properties of gases,
liquids, and the structures of condensed macromolecules such as proteins and
polymers [63]. Dispersion forces are generally:
• (a) long-ranged and, depending on the situation, can be effective from large
distances (greater than 10 nm) down to interatomic spacings ( 0.2 nm).
• (b) may be repulsive or attractive. In general the dispersion force between
two molecules or large particles does not obey a simple power law.
• (c) They also tend to mutually align or orient molecules, in addition to try
to bring them together, although this orienting effect is generally weak.
• (d) The dispersion interaction of two bodies is known to be affected by
nearby bodies. This is known as the non-additivity of an interaction.
Neutral atoms and non-polar molecules have no polarization. But due to the
mobility of electrons within the orbitals, there arises some temporary dipoles
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which give rise to intermolecular interaction. Dispersion forces are also called
London forces [63].
Between two metals plasmon oscillations can induce dipole moments. It is
conjunctured that LDA partially includes dipole-dipole interaction, hence the
van der Waals forces. However, those interactions are excluded in the GGA.
In our calculations the weak and attractive van der Waals interaction energy
(EvdW ) is calculated from the asymptotic form of the Lifshitz’s formula [64],
EvdW =
∑
ij C6ij/r
6
ij with the coefficients C6ij are obtained by the Slater-
Kirkwood approximation [65] from Ref.[66]. It is required to note that the asymp-
totic form of EvdW may not be accurate if the separation is small.
Chapter 5
Results
5.1 Preliminaries
As mentioned before CNTs exhibit novel physical and physical properties which
may be used in fuel cells. Nowadays, Japanese scientists have developed a tiny di-
rect methanol fuel cell for mobile applications that employs carbon nanotubes as
the basic building materials for its electrodes1. However these are the first steps
paving the way towards fuel cell fabrication with competitive costs. The develop-
ment of fuel cell technology still requires intensive research both theoretical and
experimental.
During my MS thesis, I have pursued a study that investigates new mecha-
nisms which render hydrogen molecule storage as well as dissociation possible by
using CNTs. We have taken the zigzag (8,0) SWNT in our research as a rep-
resentative of CNT family. The zigzag (8,0) SWNT is a semiconductor with a
bandgap of 0.59 eV (See the calculated band structure, Fig. 5.2). Its diameter
is nearly 6.26 A˚. It has 32 carbon atoms in a unitcell as described in Fig. 5.3.
The lattice parameter along the z-axis is c = 4.26 A˚. This is three times the C-C
bond distance (see Fig. 5.4).
1See the website http://www.labs.nec.co.jp/Eng/Topics/data/r010830/
36
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Figure 5.1: A tiny fuel cell for mobile terminals using carbon nanotubes as elec-
trodes.
Figure 5.2: Band structure and density of states of (8,0) SWNT. Dashed line
indicates the Fermi level [67].
Various studies in my thesis are regrouped as follows:
• 1. Chemisorption of hydrogen atom on the (8,0) SWNT.
• 2. Adsorption of hydrogen molecule on the perfect as well as radially de-
formed (8,0) SWNT.
• 3. Adsorption of hydrogen molecule on Li-Doped (8,0) SWNT.
• 4. Adsorption and dissociation of hydrogen molecule on Platinum-doped
(8,0) SWNT.
• 5. Adsorption and dissociation of hydrogen molecule on Palladium-doped
(8,0) SWNT.
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Figure 5.3: The supercell of (8,0) SWNT contains 32 carbon atoms. C-C bond
lengths are nearly same as that in graphene, 1.4 A˚.
Figure 5.4: In one supercell of the (8,0) SWNT there are 8 hexagons. The
magnitude of translation vector c is equal to three half of lattice parameter of
graphite. That is also three times the C-C bond distance.
5.2 Method of Calculations
The atomic structure, binding geometry and binding energy have been calculated
by using a first-principles pseudopotential plane wave method within the Density
Functional Theory (DFT). Previously, it has been shown that similar type of DFT
calculations using supercell method offered accurate predictions for mechanical
and electronic properties of various bare and radially deformed SWNTs [13, 14,
68].
Calculations have been performed for single H2 molecule, bare (8,0) SWNT
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and H, H2, Li, Pt, Pd adsorbed bare, as well as radially compressed (8,0) SWNTs.
We have used ultrasoft pseudopotentials [69] and plane waves with energy cutoff
in between 300-400 eV depending on the pseudopotential. The difference between
two successive cohesive energies to be less than 1x10−5 eV is taken as the con-
vergence criterion for self-consistent field calculations. The Brillouin zone of the
supercell is sampled by using the Monkhorst-Pack special k–point scheme [70],
with 12 k–points including the Γ point. Calculations have been performed in
momentum space by using periodically repeating tetragonal supercell having lat-
tice parameters as, bs, cs. We have used different lattice constants for different
structures. For H2 physisorption on bare and radially deformed (8,0) SWNT we
have taken, as = bs = 18 A˚ and cs ∼ 4.26 A˚. In our later calculations we have
used as = bs = 15 A˚, to cutdown the computation time. For the adsorption of the
hydrogen molecule we consider four possible sites (i.e. H-site, above the hexagon;
Z-, and A-sites, above the zigzag and above the axial C-C bonds; and T-site, a
bridge between two adjacent zigzag C-C bonds) as described in Fig. 5.5.
Figure 5.5: A schematic description of different adsorption sites of a single H2
molecule on a zigzag (8,0) SWNT. H: hollow; A: axial; Z: zigzag; T: transverse,
sites.
The adsorption geometry is determined by optimizing all atomic positions,
namely adsorbate atoms and 32 carbon atoms of the (8,0) SWNT, as well as cs.
Chemical interaction energy between SWNT (bare or doped) and the adsorbate
Ads (i.e. atom or atoms) can be calculated from the following expression as a
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function of distance d;
EC(d) = ET [Ad+ SWNT, d]− ET [SWNT ]− ET [Ad] (5.1)
in terms of the total energies of the bare nanotube (ET [SWNT ]), free atom or
molecule energy of adsorbed atom or atoms (ET [Ad]), and the energy of deco-
rated SWNT (ET [Ad + SWNT ], d), all corresponding to fully optimized atomic
structures. Here EC includes only the chemical interaction, and EC < 0 corre-
sponds to an attractive interaction. In order to find binding energies we needed
single atom energies, which are calculated in the same supercell using the same
calculation parameters, such as energy cutoff, k-point sampling etc. This way
intercell interactions are excluded from the calculated EC .
We have also calculated the weak and attractive Van der Waals interaction
energy (EV dW ) for H2 physisorption on bare and radially deformed (8,0) SWNT,
which is calculated from the asymptotic form of the Lifshitz’s formula [64],
EV dW =
∑
ij C6ij/r
6
ij with the coefficients C6ij are obtained from study of Hal-
gren [66] by using the Slater-Kirkwood approximation [65]. It should be kept in
mind that the asymptotic form of EV dW may not be accurate when d is small.
The stable binding occurs at the minimum of EC(d) + EV dW (d), the negative of
it is denoted as the binding energy Eb. The binding is exothermic if Eb > 0.
5.3 Results
5.3.1 Chemisorption of H on (8,0) bare and radially de-
formed SWNT
First we consider the adsorption energy of atomic hydrogen. In order to find
this energy we have calculated the energy of bare (8,0) SWNT, and the energy
of atomic H, which are -290.35 eV, -0.14 eV respectively. The total energy of
H-adsorbed (8,0) SWNT is -292.96. According to Eq. (5.1) we find Eb=2.47 eV.
For the adsorption of atomic hydrogen on radially deformed SWNT, we again
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first calculate the energy of radially deformed tube under preset radial strain
²r = 0.22, which is -289.11 eV. The binding energy is then found to be 2.99 eV.
By comparing these two energy values we may conclude that as the curvature
of SWNT increases, H atom is bound more strongly on the outer surface. The
increase of binding energy as the curvature increases is due to band structure
of SWNT and will be discussed later. These results are in agreement with the
earlier calculations by Gu¨lseren et al. [71] summarized in Fig. 5.6.
Figure 5.6: (a) Variation of the binding energy Eb of a single hydrogen atom
adsorbed on a (8,0) SWNT as a function of the elliptic radial deformation, ²r.
The upper curve corresponds to H adsorbed on the high curvature site near the
end of the major axis a (sharp site). The lower curve is for the adsorption on the
low curvature site at the end of the minor axis (flat site). Insets: Ball and stick
models and isosurface plot of difference charge densities, δρ (Reproduced from
Ref.[71]).
5.3.2 H2 on (8,0) bare and radially deformed SWNT
Our calculations reveal a dramatic effect of radial deformation of SWNTs on
the physisorption of H2. While stable adsorption of molecular hydrogen on bare
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undeformed (8,0) SWNT does not take place, the physisorption becomes energet-
ically favorable, if the same tube undergoes a radial compression. Similarly, the
dissociative adsorption of hydrogen at the high curvature site of the elliptically
deformed tube becomes more likely, if H2 can overcome the potential barrier and
approaches the surface closely.
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Figure 5.7: The chemical interaction energy EC , with and without van der Waals
energy as a function of distance d between the surface of undeformed (8,0) SWNT
and H2 attached at A-site. The zero level is the sum of the energy of H2 and bare
(8,0) SWNT.The minimum of EC(d) curve is highlighted by inset.
We first analyze the adsorption of H2 at the A-site of the bare (8,0) tube by
calculating EC and EV dW as a function of the distance between H2 and the surface
of the bare (8,0) SWNT. Fig. 5.7 shows the variation of energies with d. We note
that EC(d) is always positive and hence repulsive, and its local minimum occurs
when H2 is ∼ 3.6 A˚ away from the tube wall. Even if the inclusion of EV dW
shifts the position of the local minimum towards the tube, the binding is still
endothermic. Apparently, the interaction between H2 and bare SWNT is weak
and repulsive; a weak binding may occur due to a local minimum of EC +EV dW
with positive energy. Furthermore, in Table 5.1 we list EC , EV dW calculated for
the same d where EC(d) shows a local minimum for four different sites described
in Fig. 5.5. The minimum of EC(d) is positive for all four adsorption sites,
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Table 5.1: Minimum value of the chemical interaction energy EC for four different
sites and the corresponding Van der Waals energy EV dW at the same distance d
between H2 and SWNT.
Adsorption Site H A Z T
EC(eV) 0.289 0.289 0.293 0.292
EV dW (eV) -0.035 -0.022 -0.031 -0.028
d(A˚) 3.21 3.60 3.38 3.37
and corresponds to a local minimum. The Van der Waals interaction energy is
attractive, but its magnitude is much smaller than EC at d, where the latter has
a minimum.
Previous studies [33, 34] revealed that the physisorption of individual H2
molecules with Eb > 0 cannot occur on the inner wall of SWNT. Hydrogen
molecules prefer to stay at the center of the tube or form some cylindrical shells
inside depending on chirality and the diameter of the tube [33, 34]. Owing to in-
creased H-H interaction at high coverage even the atomic hydrogen cannot form
stable structure when it is adsorbed to the inner tube wall [33]. In our study
we also did not find stable adsorption of H2 inside the (8,0) SWNT; hydrogen
molecule is trapped and stabilized at the center of the tube. The interaction
between the inner walls of the tube and H2 trapped at the center of the tube is
repulsive and calculated EC is 0.34 eV.
It has been shown that SWNTs, with smaller diameters, are better candidates
for H2 exoadsorption [72]. Gu¨lseren et al. [14] showed that the chemisorption
of H become stronger at the high curvature sites of an (8,0) SWNT, that had
elliptical cross section under radial deformation. In Fig. 5.8, we show dramatic
effect of the radial deformation on the density of states. Upon deformation, the
band gap is closed and hence the tube is metallized owing to downwards shift
of the singlet pi∗-conduction band. Charge is accumulated at the high curvature
sites of both ends of major axis of the elliptical cross section, so that those sites
become chemically active. In view of those, it is contemplated that an attractive
interaction between H2 and a SWNT can be induced by adjusting the curvature
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Figure 5.8: Density of states of bare and radially deformed (8,0) SWNTs. Zero
of energy is set at the Fermi level. Note that the gap is closed for the tube under
radial strain.
via the radial deformation. We optimized the atomic structure of the (8,0) SWNT
under radial deformation with ²r = (Ro − b)/(Ro) = 0.21 (Ro is the radius
of bare tube, b is the half of the minor axis of the elliptical cross section). The
deformation energy, which is the difference between the total energies of deformed
and undeformed SWNTs is calculated to be 1.24 eV. The minimum chemical
interaction energy and corresponding distance of H2 physisorbed at different sites
are determined by optimizing the structure of H2 and radially deformed SWNT.
In contrast to Table 5.1, we note that the minimum values of EC(d) shown in
Table 5.2 are negative indicating stable physisorption. The onset of physisorption
can be explained by the attractive chemical interaction between H2 and the singlet
pi∗-states oozing from the surface which are lowered and become occupied upon
the radial compression.
The variation of EC(d) and EC(d) + EV dW (d) with d are shown in Fig. 5.9.
We note that the binding is exothermic and upon inclusion of EV dW the mini-
mum of EC(d) shifts closer to the surface of SWNT and Eb increases. However,
we refrain from citing minimum value of EC(d) + EV dW (d) owing to the uncer-
tainties of EV dW for small d. That the physisorption of H2 is mediated by the
radial compression is a reversible process. Once the compression is released the
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Table 5.2: Minimum value of the chemical interaction energy EC for different
sites and corresponding Van der Waals energy, EV dW at the distance d between
H2 and radially deformed SWNT leading to lowest EC in the first row ²r = 0.21.
Adsorption Site H A T
EC(eV) -0.030 -0.020 -0.021
EV dW (eV) -0.023 -0.026 -0.035
d(A˚) 3.44 3.38 3.13
attractive interaction between the adsorbed H2 and SWNT turns repulsive, and
consequently H2 molecules start to desorb. We believe that this reversible process
revealed by the present study is important for hydrogen storage technology.
0.5 1.5 2.5 3.5
d(Å)
-1
0
1
2
3
c
E
 C
E
  B
+ E
   VdW
3 3.5 4
-0.032
-0.026
-0.020
E 
 (e
V)
d(Å)
E
(e
V)
c
Figure 5.9: Chemical interaction energy with and without vdW interaction as a
function of distance d between the lateral C-C bond and H-H bond at H-site of
the (8,0) SWNT radially compressed by ²r = 0.21. The minimum of EC(d) curve
is highlighted by inset. Thick dashed curve on the left hand side of the graph
depicts the path towards dissociative adsorption.
We finally consider the dissociative adsorption of H2 on the (8,0) tube. H2
can dissociate when it has approached towards SWNT by going over the potential
barrier. Following the dissociation, individual H atoms are expected to form new
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C-H bonds. When the H2 molecule is on the hollow site of the undeformed (8,0)
SWNT, it is chemisorbed if the C-H distance (i.e. the distance between an H
atom of H2 and the nearest C atom of SWNT, dC−H) is on the order of usual C-H
bond length of ∼ 1.1 A˚. The dissociation energy, Ed = ET [H2] + ET [SWNT ] −
ET [2H + SWNT ], is exothermic and calculated to be 0.287 eV. On the other
hand, the binding energy of a single H is 2.47 eV.
If the tube is radially compressed, the high-curvature site exhibits a reactive
nature; the threshold distance for the dissociation occurs at farther distance. If
the C-H distance is larger than 1.54 A˚ at the hollow-site, H2 is repelled without
the H-H bond is broken. On the other hand, if dC−H < 1.54 A˚ H2 dissociates
and two H become chemisorbed to two nearest C atoms. We calculated Ed=1.29
eV. The corresponding binding energy of individual H atom is then 3 eV. At
A-site, we find the threshold dC−H to be 1.3 A˚, and Ed=1.29 eV. The path for
the dissociative adsorption has been indicated in Fig. 5.9.
5.3.3 H2 adsorption on Li-doped (8,0) SWNT
We also showed the coadsorbed Li atom induces the same effect as deformation
and hence mediates the physisorption. Interestingly, we found that the coad-
sorption of Li atom induces also a similar effect and mediates the physisorption
of H2. We first determined the optimized chemisorption structure of Li above
the center of one hexagon of (8,0) SWNT. It is seen that Li atom is situated at
1.53 A˚ above the center of hexagon center with a binding energy of 0.75 eV. We
then optimized the physisorption structure of H2 attached at the opposite site of
the tube as described in Fig. 5.10, and calculated the minimum of EC . For Li and
H2 coadsorbed at the opposite sites of (8,0) tube we calculated EC = −47 meV
and corresponding EV dW = −36 meV. Self-consistently calculated energy band
structure has indicated that individual Li atoms chemisorbed at H-sites donate
their 2s-valence electrons to the singlet pi∗-states of SWNT. Having populated the
latter states engage in an attractive chemical interaction with H2. This finding
agrees with previous works [13, 14, 68], but the present ab-initio binding energy
is relatively smaller.
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Figure 5.10: The binding geometry of H2 on the external Li-doped (8,0) SWNT.
Two other calculations regarding Li are based on Li adsorption on the bare
(8,0) from inside. First we have optimized the position of internally adsorbed Li
atom and found its binding energy to be 0.84 eV from inside, where it is 1.96
A˚ below the hexagon center. Two geometries can be seen in Fig. 5.11. The
binding energy of H2 on these structures are, Eb = 37 meV for (a) and Eb = 30
meV for (b).
(a) (b)
Figure 5.11: The two binding geometry of H2 on the internal Li-doped (8,0)
SWNT.
5.3.4 H2 adsorption on Pt-doped (8,0) SWNT
In this section we study coadsorption of hydrogen molecule on the Pt-doped
(8,0) SWNT. We have considered three different adsorption geometries. These
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are single, double and triple Pt doped structures.
We first consider the binding energies of the adsorbed Pt atom and reveal
that its binding is stable. In order to find consistent binding energies, we had to
calculate single atom energies by the same methods so we have found the single
atom energy of Pt atom in the same unit cell by only considering the Γ-point.
The total energy for atomic Pt is then found to be: ET = −0.86 eV. Using the
total energy of the bare (8,0) SWNT: ET = −290.35 eV, and the total energy
of single Pt adsorbed SWNT ET = −293.05 eV, we obtain, the binding energy
(Eb) of a single Pt atom on the SWNT to be 1.83 eV. When a second Pt atom is
adsorbed on this geometry the total energy is lowered to ET = −296.01 eV. So
the binding energy for this second Pt atom increases and becomes 2.10 eV. When
yet another Pt atom is adsorbed on this double Pt-doped SWNT structure the
total energy will be lowered to ET = −301.57 eV. So the binding energy for the
third adsorbed Pt is then Eb = 4.71 eV (see Table 5.3).
Table 5.3: The binding energies of successive Pt atoms adsorbed on (8,0) SWNT.
. 1stPt atom 2ndPt atom 3rdPt atom
ET (eV) -293.05 -296.01 -301.57
Eb(eV) 1.83 2.10 4.71
dPt−C(A˚) 2.06 2.14 2.19
(a) (b) (c)
Figure 5.12: The binding geometries of Pt atoms on (8,0) SWNT. (a) Single Pt
doping. (b) Double Pt doping. (c) Triple Pt doping.
For three types of platinum adsorption, the Pt-C bond length dPt−C for singly,
doubly and triply doped tubes are: 2.06 A˚, 2.14 A˚, 2.19 A˚, respectively. It is
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interesting to note that, paradoxically while Pt-C bond length increases with
the increasing number of Pt atoms, the corresponding binding energy for single
platinum atom tends to increase for each additional doped atoms. This situation
can easily be interpreted in terms of higher strength of Pt-Pt interaction than
that of Pt-C interaction. Thus as the number of adsorbed Pt atoms increases,
they interact among each other more intensively, and the total energy decreases
due to this augmented coupling among Pt atoms. This situation also explains
why C-Pt bond lengths are extended. Since Pt atoms like to be together, the
charge is transferred from Pt-C bonds to Pt-Pt bonds and thus form metallic
bonds. As the number of Pt atoms increases, they will form Pt clusters on the
nanotube surface. This is why uniform coverage of Pt atoms on CNTs cannot
occur.
• (i) H2 adsorption on single Pt-doped (8,0) SWNT
H2 adsorption on platinum-doped (8,0) SWNT is investigated for various
structures. For the singly doped SWNT we considered a hydrogen molecule
initially placed in axial position as shown in Fig. 5.13(a). Upon reaction
the binding geometry changes as shown in Fig. 5.13(b). In this case the
total energy of the system becomes ET = −300.94 eV. The binding energy
of the molecule is calculated to be 1.09 eV. If one refers to Fig. 5.13, one
can realize that hydrogen molecule still remains as a molecule with an H-H
bond distance of 0.94 A˚. This is 0.20 A˚ greater than the equilibrium H-H
bond length, 0.74 A˚of H2 molecule. As a result, we may say that H-H bond
is weakened but still exists, with relatively stronger binding energy in the
chemisorption regime. In the optimized geometry Pt-H distance becomes
1.68 A˚, while Pt-C bonds are stretched to 2.19 A˚ from the initial 2.06 A˚. In
summary, one can conclude that in contrast to the weak interaction with
SWNT and H2, Pt-H interaction is significant and greater than both Pt-C
and H-H interactions.
To address the questions whether we are imposing unnatural initial con-
figuration on the system, we have tested an alternative geometry, where
H-H bond is perpendicular to the axis of the tube (see Fig. 5.14). This
type of configuration is called head on. We found that when H2 molecule is
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(a) (b)
Figure 5.13: Adsorption configuration of H2 on the single Pt-doped (8,0) SWNT.
(a) Initial configuration (b) Optimized configuration.
(a) (b)
Figure 5.14: H2 molecule is attached to Pt with H-H bond perpendicular to the
axis of (8,0) SWNT(head on). (a) Initial configuration (b) Atomic positions after
some relaxion(not fully optimized).
situated at a distance where the H atom is at ≈ 1.2 A˚ away from the Pt
atom, the molecule is trapped and undergoes a rotation. Then obviously
it will be adsorbed as in the previous case. Accordingly the orientation of
the molecule - when it enters the interaction region - will not change the
situation so much. It should be noted that the molecule has to overcome a
potential barrier, which may be different for different direction of approach.
In order to make detailed analysis potential energy calculations must be
done, which we will present for following calculations but not for this case.
• (ii) H2 adsorption on double Pt-doped (8,0) SWNT
Another geometry which we have considered is, H2 atom on the doubly Pt-
doped SWNT as shown in Fig. 5.15. After the adsorption, the total energy
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Figure 5.15: H2 adsorption on the double Pt-doped (8,0) SWNT is accompanied
by dissociative adsorption. (a)Configuration of H2 set initially. (b) Positions
assumed by atoms upon relaxion.
of the optimized system becomes: ET = −304.16 eV, and the binding
energy of H2 becomes 1.35 eV. It is higher than the previous one by 0.24
eV. Hydrogen-hydrogen bond is broken completely, also Pt-C bond length is
stretched from 2.14 A˚ up to 2.32 A˚. All of the energy cost in those processes
is compensated by newly formed Pt-H bonds. Here, the Pt-H bond length
is found to be 1.56 A˚. Note that this situation is in contrast to the previous
cases of H2 adsorption on Pt-doped SWNT, and indicates a dissociative
adsorption of H2.
The variation of EC(d) as the hydrogen molecule approaches the double
Pt-doped SWNT surface is shown in Fig. 5.16. The values in this graph are
results of single energy calculations, where we do not allow atoms to relax
from their positions. It is important to note that the molecule enters the
chemisorption regime after ≈ 3.9 A˚ from the surface of the SWNT. That is
to say it will not suffer any potential barrier on its path and it will directly
chemisorb on Pt molecules. We believe that this is a very important result.
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Figure 5.16: The variation of EC(d) as the hydrogen molecule approaches the
double Pt-doped SWNT surface, where d is the distance between H2 and SWNT
surface. The peak occurs at d corresponding to the position of Pt atoms. Note
that at the minimum of EC(d) at d ≈ 1 A˚, H2 cannot survive but dissociates.
Also it can be deduced that H2 will not suffer a potential barrier since it enters
the chemisorption regime after ≈ 3.9 A˚.
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Figure 5.17: H2 adsorption on triple-Pt-doped (8,0) SWNT.(a) Initial config-
uration of the atoms. (b) The positions after relaxation shows a dissociative
adsorption. The bond lengths are also illustrated.
• (iii) H2 adsorption on triple Pt-doped (8,0) SWNT
Finally, we have considered H2 adsorption on the triply Pt-doped SWNT as
shown in Fig. 5.17. We found that the binding energy is 1.53 eV, which is
greater than the previous two values as expected. We see that one of the Pt
atom has separated from the surface, and a cluster-like structure composed
of three platinum and two hydrogen atoms is formed. While two Pt atoms
continue to be attached to SWNT surface with the Pt-C distance of 2.26 A˚,
the third one has the Pt-C distance of 2.88 A˚. The Pt-H distance is 1.75 A˚.
Each H atom makes “two bonds” with Pt atoms, one of which is with the
separated one. We see that Pt-Pt distances have decreased with respect to
their previous values.
The variation of EC(d) as the hydrogen molecule approaches the triple Pt-
doped SWNT surface is shown in Fig. 5.18. The hydrogen molecule enters
the chemisorption region at d ≈ 4 A˚. The potential barrier preventing H2
from approaching the SWNT surface is calculated to be only 0.1 A˚.
5.3.5 H2 adsorption on Pd-doped (8,0) SWNT
Palladium is a transition metal element and is another member of 1B group. It is
a steel-white metal, and is the least dense but has the lowest melting temperature
among Pt group metals. Its electronic configuration is [Kr]4d10. Our calculations
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Figure 5.18: The variation of EC(d) as the hydrogen molecule approaches the
triple Pt-doped SWNT surface. The shoulder at d ≈ 2 A˚ corresponds to the
position of adsorbed Pt atoms. The hydrogen molecule enters the chemisorption
regime at d ≈ 4 A˚, so it will suffer a potential barrier of at most 0.1 eV.
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with Pd consist of single and double Pd adsorption on (8,0) SWNT and H2
adsorption on single and double Pd-adsorbed (8,0) SWNT. Unit cell dimensions,
energy cutoff and number of k-points are the same, as indicated before. The
adsorption geometries are just as in the corresponding cases of Pt-doped SWNT.
In the initial configuration Pd atoms are placed on the axial sites.
The calculated energies for Pd adsorption on the (8,0) SWNT reveals that this
adsorption yields a finite energy. In order to find the binding energies, we have
first found the single atomic energy for Pd, ET = −1.67 eV, which is calculated
in the same unit cell. For single Pd adsorption on SWNT we have found the
binding energy as Eb = 1.14, by using the total energy of bare (8,0) SWNT:
ET = −290.35 eV, and the total energy of single Pd adsorbed SWNT ET =
−293.17 eV. The Pd-C bond length is 2.12 A˚. On the other hand when a second
Pd atom adsorbs the total energy reduces to ET = −296.25 eV. The binding
energy for this second Pd atom becomes, Eb = 1.41 eV, while the Pd-C bond
length becomes 2.14 A˚. It is seen that there is a little weakening of Pt-C, so we
may again conclude that palladium may not form a full coverage on SWNTs,
either. On the other hand this weakening is not as significant as in Pt case.
• (i) H2 adsorption on Single Pd-doped (8,0) SWNT
When we consider H2 adsorption on single Pd-doped (8,0) SWNT, we cal-
culate the total energy ET = −300.61 eV. This leads to a binding energy
of 0.64 eV (see Fig. 5.19). It is interesting to see that H-H bond length is
stretched a little from the normal value 0.74 A˚ to 0.82 A˚. So we may say
that this adsorption is between chemisorption and physisorption. There
may exist a mechanism to extract molecular hydrogen from this system.
Pd-H bond length is 1.79 A˚, on the other hand Pd-C prolongs to 2.20 A˚. It
is deduced that just like in platinum, Pd-H bonds are more stronger than
Pd-C bonds, thus palladium atom prefers to form bonds with H atoms.
• (ii) H2 adsorption on double Pd-doped (8,0) SWNT
For hydrogen adsorption on this geometry we find a binding energy of
Eb = 0.58 eV, which is not too different from the previous value calculated
for singly Pd-doped SWNT. We again see that there remains a finite H-H
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Figure 5.19: H2 adsorption geometry on single-Pd-doped (8,0) SWNT.
Figure 5.20: H2 adsorption on double-Pd-doped (8,0) SWNT.(a) Initial configu-
ration of the atoms (b) The positions after relaxation indicates a weakening of
H-H bond of H2 molecule.
interaction with a H-H distance of 0.91 A˚. Pd-H bond length are shorter
than the previous case, 1.75 A˚. Pd-C bond lengths stretches more up to 2.29
A˚(see Fig. 5.20). Variation of bond lengths relative to the previous single
Pt-adsorbed SWNT case indicates that H2 interacts stronger with two Pd
atoms, but the identity of the molecule is still maintained. Perhaps the
dissociation will take place if the H2 molecule is placed in an environment
where more Pd-neighbors exist.
Chapter 6
Conclusions
In this thesis we investigated adsorption and dissociation of H2 on the carbon
nanotube surface. We have taken the zigzag (8,0) SWNT as a prototype. The
details of various process and underlying physics and chemistry have been dis-
cussed in the previous section Here we summarize important conclusions of this
work.
(1.) It is shown that H2 cannot be adsorbed on neither outer, nor inner
surface of the (8,0) SWNT. The chemical interaction is weak and repulsive. The
attractive long-range interaction is small, and cannot compensate the repulsive
chemical interaction. There is an energy barrier for H2 to come closer to the
outer surface. Since the curvature effect that enhances the chemical interaction
recedes for SWNTs with larger radius, the above results should be valid for (n, 0)
SWNTs with n > 8.
(2.) However, physisorption of H2 can occur, if the tube undergoes a radial
strain leading to an elliptical deformation of the cross section. Under these cir-
cumstances the high curvature sites at the ends of major axis become chemically
activated. This situation occurs by lowering of the pi∗-singlet conduction band.
At the end the conduction band states which have charge density oozing into the
vacuum, can engage in relatively stronger chemical interaction with those of H2
molecule. Increased chemical interaction between SWNT surface and H2 together
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with attractive the van der Waals interaction makes the physisorption possible.
A radial deformation induced physisorption of H2 can lead controllable adsorp-
tion and desorption of the molecule. This property can be used in the storage
of H2 molecule. A bunch of SWNT is radially deformed when the physisorption
of H2 is desired. This constitutes the storage stage of H2. When the stored H2
is needed for consumption in the fuel cells, the adsorbed molecules are freed by
releasing the radial strain.
(3.) The coadsorption of alkali metals give rise to the same effect. The elec-
trons donated by coadsorbed alkali atoms are donated to the conduction band
states of SWNT. Once the conduction band states are occupied by the electron
of alkali atoms, they engage in chemical interaction which is resulted in the ph-
ysisorption of H2.
(4.) We showed that single Pd or Pt atoms are chemisorbed on the SWNT
surface with a significant binding energy in the range of 1 eV. However, the
bonding between these adsorbates on SWNT gets weaker as additional Pt and
Pd atoms are adsorbed in the neighborhood of the existing ones. This is due to
the increasing Pt-Pt or Pd-Pd coupling provided by each newly adsorbed metal
atoms.
(5.) H2 is chemisorbed to a single Pt atom which is already adsorbed on the
SWNT. The binding energy is strong and in the range of chemisorption. However,
adsorption of H2 on double or triple Pt doped SWNT, results in dissociation. H2
molecules dissociates and new Pt-H bonds form.
(6.) However, for double Pd-doped SWNT, the H-H bond of H2 is weakened
but dissociation does not take place.
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In summary, we presented an extensive study of H2-SWNT interaction. We
showed that radial deformation induced physisorption of H2 on SWNT surface
suggests that SWNT can be convenient for the storage and discharge of H2
molecule. We also showed that H2 molecules can be dissociated by the Pt atom
coadsorbed on SWNT. These two results are original and important for the fuel
cell application of carbon nanotubes.
Better is the end of a thing than the beginning thereof.
Ecclesiastes
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